A survey of the quantum efficiencies of ultraviolet photolysis of a range of substituted pyri midine nucleosides has been made. The effects of substituents are considered in terms of electro negativity and steric hindrance.
In the course of investigating the applicability of m ulticom ponent analysis of U .V .* * s p e c tr a 1 for the d eterm ination of base com positions of nucleo tide m ixtures containing other than the fo u r usual b a s e s 2, the photolysis of a wide v ariety of su b stituted com pounds was exam ined. A lthough the literatu re on the photochem istry of substituted p yrim idines is ex ten siv e3' 4, little precise in fo rm a tio n is available on the quantum yields of these photoreactions. It is generally believed th at m ost p y rim idines and their derivatives, w hen irra d ia ted in w ater at room tem perature w ith non-m onochrom atic light, will form hydrates by sa tu ratio n of the 5,6-double b o n d 5-7. To a sm aller extent dim ers containing a cyclobutane rin g can also be fo rm e d 8-10. In a few cases the p rim a ry reaction is a cleavage of the substituent followed b y form ation of a uracil radical which is fu rth er p h o to ly z ed 4. T he photoreactivity seems to co rrelate w ith the d istrib u tio n of the lone electron of the trip le t state of the radical u . The higher the density of the u n coupled electron in position 5 or 6 , the m ore reactive the com pound should be.
In the p resen t com m unication we rep o rt quantum yields (q u an tu m efficiencies) for the photoreactions of several su b stitu ted u rid in es and cytidines.
M a te r ia l a n d M e th o d s
Ir r a d ia tio n
A M ineralight handlam p was used as the ultraviolet light source without the filter, in order to obtain a reasonably continuous spectrum (Fig. 1) over a wide wavelength range. The irradiations were performed at room tem perature in quartz cuvettes with a pathlength of 1 cm, the solutions being magnetically stirred. Spectra were recorded on a Cary-15 spectro photometer before irradiation and at appropriate inter vals. In the cases where the time used for recording the spectrum was significant in relation to the total irradiation time proper corrections were applied. However, no corrections for the reversibility of the reaction were made.
The quantum yield is defined a s : source was calibrated daily by irradiating a parallel sample of UMP as actinometer substance using the known quantum efficiency of $ = 0.02 for U M P 3. The quantum yields were determined from the rate of de crease of absorbancy at the absorbance maximum. The actual calculations were performed on an IBM 1620 computer which was programmed to determine the ap parent quantum yield between any two intervals of irradiation, to determine the mean of these values and the standard deviation. Absorbance changes of less than 0.1 were omitted from the computations. Using the known value for the quantum yield of UMP, one can also obtain the quantum yields graphi cally from semilogarithmic plots of the decrease in ab sorbance against irradiation time (Fig. 2) . Both ap proaches give essentially the same results, if the reac tions are linear. The quantum efficiencies cannot be obtained with an accuracy of better than 25 percent by either method. Since the extinction coefficients of many of these compounds are known with an accuracy of only about 10 percent and since the time for recording the spectra, even if accounted for, will introduce errors into the calculations, no attempts have been made to use more elaborate methods 13. Hence quantum yields have been determined only to two significant figures. The compounds used were prepared in general by standard techniques a previously described14-17. 5-fluorouridine was a gift of Dr. D u s c h i n s k y 18.
R esults and Discussion
It has been n oted by M a n t i o n e and P u l l m a n 11 th a t the ph o to reactiv ity of a pyrim idine depends on the d istrib u tio n of the lone electron of the trip let state rad ical in the p y rim id in e ring. They calculated th a t in those p y rim id in es that are photoreactive the d istrib u tio n of the odd electron is clustered in the reactive 5 o r 6 position.
5-H alogenopyrim idines
In this series of substituted pyrim idines two ef fects counteract each other, nam ely the electro n egativity an d the size of the substituent. A sm all su b stitu en t such as fluorine (atom ic rad iu s = 0 .6 4 A ) 19 will have little steric effect on the p h o to lysis, b u t the h igh electronegativity (4.0) 20 will certain ly polarize the 5,6-double bond. The photo- lysis of FU should therefore certainly be faster than fo r U. As can be seen in T able I the q u antum yield of FU is about three to five tim es th at of U. T his is tru e at all pn values m easured, although the p k s are two units apart. It thus appears that a negative charge on the extranuclear oxygen does n o t have a decisive influence on the course of photolysis.
S h u g a r et al. 21 have show n th at photolysis of FU gives a 5,6-hydrate in the norm al m anner. In the cases of C1U and BrU the steric effect will play a large role. C hlorine and brom ine (rad ii = 0.9 9 and 1.14 Ä, respectively) 19 will occupy a volum e com p arab le to th at of a m ethyl group (ra d iu s = 1.10 Ä ) 19. However, the strong electronegativity of the two halogens (3.0 and 2.8, respectively) 20 will give rise to polarization of the reactive bond. T hus the qu antum yield should be slightly h ig h er fo r the halogenated com pounds than fo r thym idine. T h at this is indeed the case can be seen in T able I. The steric effect will decrease considerably the acces sibility of position 6 fo r the addition of the OHg ro u p , as com pared w ith the sm all substituent h y d rogen o r fluorine. A very sim ilar effect can be ob served betw een C and BrC, th e ir quantum yields d iffering by a factor of 4 a n eu tral p n , and betw een 1-m ethyl-uridine and l-m ethyl-5-brom o-uridine, th eir q u an tu m yields differing by a factor of 7.
T he atom ic rad iu s of iodine of 1.33 Ä is only 0 .0 7 Ä sh o rt of the distance between the 5 an d 6 p o sitio n of the pyrim idine r i n g 22. It is ap p a ren t th at it will becom e rath er difficult to ad d an OH g ro u p on p o sitio n 6 in 5-iodouridine, the hydroxyl g ro u p itself h aving a rad iu s of 0.9 6 Ä 19. T he results of the photolysis are therefore n o t su rp risin g . The reactio n is fast and the absorbance m axim um shows a sh ift fro m 2 8 9 mju tow ards low er w avelengths. T a b le 1. pK -values, e x tin c tio n c o e ffic ie n ts a n d q u a n tu m y ie ld s o f su b stitu te d p y r im id in e s.
pro b ab ly due to the fact that light with high effi ciency at 254 m ju (a w avelength which is close to the absorption m inim um of this com pound 27) was used.
In this connection, it is interesting to note the sim ilar behavior of FU and U on one han d and B rU and T on the other hand. W hile FU can readily substitute fo r U and be incorporated into RNA 28, 29, it is not incorporated into DNA. BrU , how ever, readily replaces thym ine in D N A 30,31. BrC is not incorporated into either nucleic acid 32, for a variety of reasons.
O ther 5-substituted P yrim idines
The photochem istry of thym ine and thym idine has been studied extensively 3' 13. It is satisfying to note that the quantum yields fo r these two com pounds Lis and A l l e n 33 have reported that p seu d o urid in e is less sensitive to ultraviolet irra d ia tio n than is u ridine, b u t m ore sensitive than thym idine. T his has been confirm ed in ou r work. As expected, changes in pn have little effect on the quantum yields, since the ribose at position 5 behaves m ore o r less as a m ethyl substituent. 5 -n itro u rid in e is an interesting com pound fo r various reasons. The com pound shows two ab so rb ance m axim a at low and n eutral p a an d one ab so rb ance m axim um at high pn at 323 mju. S urprisin g ly no significant difference has been observed in the q u antum yields at either w avelenght or p g . A lthough the n itro group is considerably larger th an the brom ine or m ethyl substituent, n itro u rid in e behaves very sim ilarly to these two com pounds. T here is no indication of cleavage of the n itro group, unlike the case of IU , since the absorbance m axim a do not sh ift d u rin g irra d ia tio n . S u b stitu tio n in position 5 by a HO-group will certain ly show effects on the photochem istry of the com pound. The d ata in T able I suggest that steric hin d ran ce is chiefly responsible fo r the slow p h o to lysis of HO-U. The rad iu s of 0 .9 6 Ä for the OHgro u p 19 is virtu ally the sam e as th at of the chlorine atom . A t pn 11 the spectrum of HO-U shows a shift tow ards low er w avelengths d u rin g irra d ia tio n and the p h o to reactio n is very rap id . The mechanism of this ap p aren tly m ore com plex reaction is being studied, as well as photolysis of the isom eric 6 -h y droxy-uridine.
6-Acetyl-CM P
T he p h o to reactio n of this com pound can be fol low ed at two different w avelengths, 247 mju and 2 9 7 m/z. In b o th cases the q u an tu m yield is the sam e and co n sid erab ly reduced in com parison w ith the u n su b stitu ted com pound. The effect of a bulky su b stitu en t on po sitio n 6 will understan d ab ly have a sim ilar effect on the 5 , 6 double bond as a su b stitu en t at p o sitio n 5. N evertheless the exact d irec tio n and m echanism of h y d ratio n is n ot clear. W e w ish to note th at m ost of o u r results on cytidine derivatives are considerably low er then those rep o rted in the litte r a tu re 34, although good agree m ent is found fo r u rid in e derivatives.
3-M ethyl-uridine
As is to be expected, su bstitution of u rid in e other th an in po sitio n 5 or 6 has very little effect on the ph o to reactio n , except if the substituent strongly d istu rb s the electron density of these positions. T hus m ethylation in po sitio n 3 shows virtu ally no effect, sim ilar to rep o rts on various other alkylated p y ri m idines.
The ad d itio n of a second o r th ird phosphate gro u p does n o t show any significant influence on the q u an tu m yield (see U M P, U D P and U T P in T able I ) . 
